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Recent studies indicate that short-billed birds which visit flowers opportunistically for nectar are important pollinators of African plants and
select for floral characteristics which are distinct from those found in sunbird-pollinated species. Here we report the existence of a pollination
system involving opportunistic nectarivores in Kniphofia caulescens, a high altitude member of a genus previously considered to contain only
sunbird- and insect-adapted pollination systems. Plants of K. caulescens set approximately twice as many fruits and produced more seeds per fruit
when exposed to both bird and insect pollination than to just insect pollination. Controlled pollination experiments showed that the species is
genetically self-incompatible and thus totally reliant on pollinator visits for seed set. Opportunistic nectar-feeding birds appear to be the most
important pollinators of this plant. In particular, Drakensberg Siskins (Crithagra symonsi) and Yellow Canaries (Crithagra flaviventris) were the
most frequent visitors and carried the highest pollen loads. The Malachite Sunbird (Nectarinia famosa), although often feeding on Kniphofia
caulescens, carried very little pollen, presumably on account of its long bill which reduces contact between the floral anthers and its head feathers.
Honey bees were also frequent flower visitors and made a secondary contribution to fruit set. Flowers of K. caulescens contained copious amounts
(c. 30 µl) of very dilute (c. 9%) hexose-rich nectar which is consistent with the pollination syndrome found in plants pollinated by opportunistic
avian nectarivores.
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Ideas about bird pollination systems in Africa have been
rapidly evolving. It is now clear that two distinct systems occur—
specialist systems, where plants are co-evolved with specialist
nectar-feeding birds, and generalist systems, where plants are co-
evolved with opportunistic nectar-feeding birds (Johnson et al.,
2006; Johnson and Nicolson, 2008; Symes and Nicolson, 2008;
Symes et al., 2008; Botes et al., 2008, 2009). The flowers in these
two systems tend to not only differ in their overall dimensions, but
also to have different nectar properties in terms of volume, con-
centration, and in most cases, sugar type (Johnson and Nicolson,
2008). Formost of these traits, differences are apparent evenwhen
controlling for phylogenetic effects, suggesting that they are⁎ Corresponding author. Tel.: +27 33 260 5661; fax: +27 86 515 2114.
E-mail address: brownma@ukzn.ac.za (M. Brown).
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doi:10.1016/j.sajb.2009.07.015adaptive (Johnson and Nicolson, 2008). Although short-billed
opportunistic birds have often been recorded worldwide feeding
on nectar (Oatley, 1964; Fisk, 1972; Fisk and Steen, 1976;
Spofford and Fisk 1977; Ford et al., 1979; Jacot Guillarmod et al.,
1979; Franklin, 1999; Franklin and Noske, 1999), relatively
few studies have addressed their importance as pollinators
(Toledo, 1977; Feinsinger et al., 1979; Morton, 1979; Toledo
and Hernandez, 1979; Gryj et al., 1990; Gill et al., 1998; Kunitake
et al., 2004; Raju and Rao, 2004; Rangaiah et al., 2004). Recently
there have been several papers examining the role of these
occasional nectar-feeding birds in the genus Aloe (Johnson et al.,
2006; Symes et al., 2008; Botes et al., 2008, 2009). However, the
paucity of published case studies of pollination of African plants
by opportunistic birds may not reflect the true extent of this
pollination system. It is thus necessary for more studies to be
conducted in as many lineages as possible to establish the general
validity of the patterns identified by Johnson andNicolson (2008).
We initiated a detailed study of the pollination biology of
Kniphofia caulescens, a high altitude red hot poker exhibitingts reserved.
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suggested that opportunistic nectar-feeding birds are its
main flower visitors. The specific aims of this study were to
1) establish the breeding system of K. caulescens, 2) quantify
key floral traits, such as nectar volume, concentration and
composition, which may reflect adaptations to particular
pollinators, 3) establish the main flower visitors, and 4)
determine the relative contributions of birds and insects to
fruit and seed production.
2. Materials and methods
2.1. Study site and species
Kniphofia caulescens Baker, is a range restricted species that
occurs between 1800 m and 3000 m in the Drakensberg
mountains of South Africa. It grows in marshes on damp
mountainsides. Flowering takes place during the summer months
from December to March. We studied a natural population of
~500 plants at Sani Top Chalets, at the summit of Sani Pass,
KwaZulu-Natal, during Jan–Feb 2008 and Dec–Jan 2009. Some
data were also collected from a transplanted population (~100
plants) located 100 m away from the main natural.
2.2. Flower morphology and nectar properties
We arbitrarily selected 10 plants in this population for
morphological measurements, including style length, flower
depth and flower width. Nectar characteristics (volume and
concentration) were measured as standing crop from 28 plants
(5 flowers from each plant) at 8 am, 10 am, 12 pm and 6 pm.
Nectar availability in open flowers from which animal visitors
were excluded for 24 h was measured for 5 plants bagged
overnight, with 3 flowers from each plant used to quantify
nectar volume and concentration at 8 am. Flowers sampled were
chosen randomly from each inflorescence, but only from the
areas on the inflorescence with flowers at the developmental
stages where they are visited by birds (determined by visual
observation). We determined volume with 100-µL micropipettes
and concentration with a handheld refractometer (Bellingham and
Stanley, Tunbridge Wells, Kent, UK). Nectar composition was
determined using a Shimadzu (LC-20AT) high-performance
liquid chromatograph (HPLC). Detection was by refractive index
(RID-10A) with a Phenomenex column (Rezex RCM-Monosac-
charide, 200×780 mm 8micron). Isocratic separation was
accomplished using ultrapure water as the mobile phase. HPLC
analysis was conducted on 5 samples taken from 5 different
plants.
2.3. Breeding system experiments
We determined the compatibility system and dependency of
K. caulescens on animal vectors for seed production by
performing controlled pollination experiments. Inflorescences
were bagged from the bud stage to exclude all potential
pollinators. We then hand-pollinated 15 flowers from 5
inflorescences with pollen from the same plant (self-compatibilitytest), and another 15 flowers from 5 inflorescences with pollen
from another plant as a cross-pollinated control. Other flowers
were left unmanipulated to test for autogamy. We then examined
fruit set and seed set for these flowers.
2.4. Pollinator effectiveness
To determine the effectiveness of various pollinator groups,
we performed two exclusion experiments. Firstly, we placed
mosquito-netting exclusion bags on 20 inflorescences, which
excluded all pollinators. Secondly, we placed plastic mesh
(aperture diameter of 12.5 mm) bird exclusion cages (Hargreaves
et al., 2004; Botes et al., 2009; Wilson et al., 2009; Symes et al.,
2009-this issue) over an additional 20 inflorescences. We then
determined fruit set and seed set for both these groups, in addition
to natural fruit and seed set taken from 100 unmanipulated
inflorescences. We analysed fruit set and seed set data using
ANOVA with post-hoc Tukey tests. Fruit set data were arcsine
square root transformed prior to analysis.
2.5. Floral visitor abundance and pollen loads
We carried out incidental observations of birds feeding on
the flowers, recording approximate numbers of individuals per
hour as an index of visitor abundance. Total numbers of each
species mist-netted was also used as an estimate of abundance.
We identified insect visitors by collecting samples of all insects
seen either collecting pollen, or drinking nectar. To determine
the efficiency of birds as pollinators, we collected pollen loads
from birds trapped while moving between flowers in the
population. Birds were mist-netted, ringed and released after
pollen loads were taken. Pollen was collected from the heads
and bills of each bird using fuchsin-stained gel, which was then
melted onto microscope slides in the field to produce permanent
slides (Beattie, 1971). Using reference slides of pollen from K.
caulescens, we quantified the total count of pollen from each
slide.
3. Results
3.1. Flower morphology and nectar properties
Kniphofia caulescens (Fig. 1a) has relatively short, wide
flowers, with protruding stamens (Table 1). Standing crop nectar
volume and concentration at 8 am, 10 am, 12 pm and 6 pm are
presented in Table 2, along with the bagged flower nectar crop at
8 am and 10 am.K. caulescens produces relatively large amounts
of dilute nectar. Sugar analysis revealed the composition of
K. caulescens nectar to be made up of 50.2±0.0.07% glucose,
48.9±0.18% fructose and 0.9±0.25% sucrose sugars (mean±
standard error).
3.2. Breeding system experiments
Self-pollinated flowers and control flowers set no fruits (0%,
n=15 for each group), while 93.3% (±0.13%; n=15) of cross-
pollinated flowers set fruit. This difference was significant
Fig. 1. (a) Population of Kniphofia caulescens; (b) a male Drakensberg Siskin (Crithagra symonsi) drinking nectar; (c) a close up of a male Drakensberg Siskin
(Crithagra symonsi), showing good anther contact around the face; (d) a Cape Weaver (Ploceus capensis) drinking nectar; (e) a male Malachite Sunbird (Nectarinia
famosa) drinking nectar, making little contact with anthers.
Table 2
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is self-incompatible.
3.3. Pollinator effectiveness
Fruit set was significantly affected by pollinator exclusion
(F2, 38=166.43, pb0.0001; Fig. 2a). Inflorescences set signifi-
cantly more fruits when exposed to pollination by both birds and
insects (open flowers) than just insects (Tukey: p=0.0001) or noTable 1
Summary of flower morphology of Kniphofia caulescens.
Mean (mm) Standard error N
Flower depth 21.10 0.354 40
Flower width 14.45 2.285 40
Stamen length 33.48 0.895 40pollinators at all (bagged flowers; Tukey: p=0.0001). Caged
inflorescences (insect pollinators allowed) also set more fruit than
bagged (all pollinators excluded) inflorescences (Tukey:
p=0.0001). Seed set was also significantly affected by pollinator
access (F2, 28=56.410, pb0.0001; Fig. 2b).Volume and concentration of nectar in Kniphofia caulescens flowers.
Open Bagged
Time of
day
Volume (µl) Concentration n Volume Concentration n
8 am 17.3 (±1.31) 8.6 (±0.29) 40 60.8 (±3.64) 8.5 (±0.23) 15
10 am 19.4 (±3.57) 9.4 (±0.43) 25
12 pm 25.3 (±2.75) 15.1 (±0.74) 25
6 pm 32.4 (±3.75) 9.4 (±0.47) 50
Values (means±SE) are given for standing crop in open flowers at different
times of the day and for flowers bagged for 24 h.
Fig. 2. Effect of pollinator type on (a) fruit set (% per inflorescence) and (b) seed
set (total number per fruit) in Kniphofia caulescens. Open inflorescences were
available to birds and insects, caged inflorescences excluded birds, and bagged
inflorescences excluded all pollinators. Means with different letters are
significantly different (Tukey test). Symbols represent means±standard error.
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Drakensberg Siskins (Crithagra symonsi — Fig. 1b, c) and
Yellow Canaries (Crithagra flaviventris) were the mostTable 3
Number of birds netted and observed feeding on Kniphofia caulescens and their
pollen loads.
Species Netted Observed
(#/h)
Mean Standard
error
N
Drakensberg Siskin (Crithagra
symonsi)
76 7.9 439 134.2 55
YellowCanary (Crithagra flaviventris) 3 4.5 529 521.5 2
Red-winged Starling (Onychognathus
morio)
0 1.5
Cape Sparrow (Passer melanurus) 10 1.1 48 27.5 9
Malachite Sunbird (Nectarinia
famosa)
5 1.4 41 19.5 5
Cape Bunting (Emberiza capensis) 4 0.1 42 36.1 4
Sentinel Rock Thrush (Monticola
explorator)
3 0 0 n/a 1
Cape Weaver (Ploceus capensis) 1 0.7 3 n/a 1
Feeding observations represent average number of birds seen feeding per hour
(n=22 h).common visitors (Table 3) and carried the highest pollen
loads of all birds netted in K. caulescens stands (Table 3). The
highest count was 6900 pollen grains, collected off a
Drakensberg Siskin. Other seed-eaters, like sparrows and
weavers (Fig. 1d; Table 3) were recorded visiting flowers. The
only common flower visitor not netted was Red-winged
Starlings (Onychognathus morio). Large pollen loads were
visible through binoculars on the starlings, and they are
probably also important pollinators on this species (M. Brown
pers. obs.). Malachite Sunbirds (Fig. 1e) fed in moderate
numbers on inflorescences, but carried low pollen loads
(Table 3). Inflorescences were frequently visited by both
honey bees (Apis mellifera scutellata) and flies (Sarcophagi-
dae, Calliphoridae, Muscidae and Syrphidae). Most bee
observations involved pollen collection, although some were
occasionally seen drinking nectar. All fly observations
involved nectar drinking.
4. Discussion
This study showed that opportunistic nectar-feeding birds are
the main pollinators of Kniphofia caulescens. These birds,
especially the Drakensberg Siskin, were by far the most abundant
visitors, made effective contact with the sexual parts of the
flowers, and carried very large pollen loads— up to 6900 grains,
which is comparable to pollen loads reported for sunbirds
(Hargreaves et al., 2004). The flower and nectar characteristics of
K. caulescens conform to the general pattern (syndrome) found in
other plants pollinated by these birds (Johnson et al., 2006; Botes
et al., 2008, 2009; Johnson and Nicolson, 2008; Symes et al.,
2008; Symes and Nicolson, 2008). In particular, the flowers have
large volumes of dilute hexose dominant nectar, relatively short,
wide corollas, and exserted anthers. Malachite Sunbirds, while
encountered feeding on K. caulescens relatively frequently,
carried low pollen loads and appear not to be important
pollinators. Indeed, with their long bills (26.8–39 mm) these
birds mostly rob nectar of K. caulescens.
Pollinator exclusion experiments, designed to determine
the role of bees as opposed to birds, have now been conducted
for several southern African ornithophilous plant species.
Results so far have been mixed. In Protea roupelliae, seed set
when birds were excluded was negligible, suggesting that
insects played little or no role in this specialist bird pollinated
species (Hargreaves et al., 2004). Botes et al. (2009) found
that fruit set when birds were excluded was negligible in three
generalist bird pollinated aloes (Aloe africana, A. speciosa
and A. ferox) which are visited by pollen-collecting bees.
However, Botes et al. (2009) found that bees did contribute
somewhat to seed set in two specialist bird pollinated aloes
(Aloe pluridens and A. lineate var. muirii) which have tubular
flowers into which bees crawl in search of nectar (Botes et al.,
2008). Bees played only a small role in seed set in Aloe
vryheidensis, a generalist bird pollinated plant, but in this
case the plant uses bitter-tasting nectar to selectively
exclude nectar-feeding bees and specialist nectar-feeding
birds (Johnson et al., 2006). Interestingly, Wilson et al.
(2009) found that bird exclusion had no significant effect on
711M. Brown et al. / South Africa Journal of Botany 75 (2009) 707–712seed set in Aloe pruinosa, suggesting that, in this species,
birds and bees play an equal role as pollinators.
From data obtained in bird exclusion experiments, Symes
et al. (this volume) suggest that bees might be more important
than sunbirds as pollinators of A. greatheadii var. davyana,
while they make little contribution to fruit set in Aloe marlothii,
a species pollinated primarily by opportunistic nectarivores.
Our study, on Kniphofia caulescens, showed that fruit set in
open inflorescences is more than double that in caged
inflorescences, indicating that birds played a greater role than
bees in pollination in this plant. This effect in K. caulescens is
even greater in terms of seeds produced per flower (X̅ =18.8 in
bird excluded plants and X̅ =28.6 in open-pollinated controls).
Generally, fruit set in bird pollinated species in southern
Africa is fairly low: 15–55% in aloes (Botes et al., 2009; Symes
et al., 2009-this issue) and 10–40% in proteas (Hargreaves
et al., 2004). However, we found relatively high natural fruit set
(N80%) in this generalist bird pollinated plant species, which is
consistent with the extraordinary high levels of bird visitation
that we observed (sometimes more than 30 birds were observed
feeding in the population at the same time).
It is apparent that many plant species in southernAfrica, across
several genera, are adapted to pollination by short-billed
occasional nectar-feeding birds (Johnson et al., 2006; Botes
et al., 2008; Symes et al., 2008; Botes et al., 2009). These studies
have tended to support Johnson and Nicolson's (2008) proposal
that there are two quite distinct bird pollination systems in Africa
and that they differ markedly in terms of nectar characteristics.
Further studies on other Kniphofia species, particularly those that
are predominantly pollinated by specialist nectarivores, will be
conducted to determine if nectar sugar composition is phyloge-
netically constrained in this genus, as it appears to be in the genus
Aloe (Van Wyk et al., 1993; Johnson and Nicolson, 2008).
The reproductive biology of most Kniphofia species remains
unstudied. The present study and another on K. laxiflora in this
volume (Johnson et al., 2009-this issue) appear to be the first to
document the breeding systems and identify the primary
pollinators for any species in the genus. This is surprising,
considering the diversity in the genus (~70 species; 45 species
in South Africa; Ramdhani et al., 2006, 2008). As a genus,
Kniphofia appears to have species pollinated by insects,
specialist nectar-feeding birds (sunbirds), and opportunistic
nectar-feeding birds (M. Brown unpublished data), and
therefore warrants further research. Indeed, it would appear as
if the genus Kniphofia shows evolutionary shifts between
different pollination systems that parallel those found in the
genus Aloe.
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